How sexually dimorphic gonads are generated is a fundamental question at the interface of developmental and evolutionary biology [1] [2] [3] . In C. elegans, sexual dimorphism in gonad form and function largely originates in different apportionment of roles to three regulatory cells of the somatic gonad primordium in young larvae. Their essential roles include leading gonad arm outgrowth, serving as the germline niche, connecting to epithelial openings, and organizing reproductive organ development. The development and function of the regulatory cells in both sexes requires the basic-helix-loop-helix (bHLH) transcription factor HLH-2, the sole ortholog of the E proteins mammalian E2A and Drosophila Daughterless [4] [5] [6] [7] [8] , yet how they adopt different fates to execute their different roles has been unknown. Here, we show that each regulatory cell expresses a distinct complement of bHLH-encoding genesand therefore distinct HLH-2:bHLH dimersand formulate a ''bHLH code'' hypothesis for regulatory cell identity. We support this hypothesis by showing that the bHLH gene complement is both necessary and sufficient to confer particular regulatory cell fates. Strikingly, prospective regulatory cells can be directly reprogrammed into other regulatory cell types simply by loss or ectopic expression of bHLH genes, and male-to-female and female-to-male transformations indicate that the code is instructive for sexual dimorphism. The bHLH code appears to be embedded in a bowtie regulatory architecture [9, 10] , wherein sexual, positional, temporal, and lineage inputs connect through bHLH genes to diverse outputs for terminal features and provides a plausible mechanism for the evolutionary plasticity of gonad form seen in nematodes [11] [12] [13] [14] [15] .
RESULTS

Systematic Analysis of Potential Heterodimerization Partners for HLH-2 in Gonadogenesis Suggests the ''bHLH Code'' Hypothesis
In hermaphrodites, the regulatory cells are the anchor cell (AC) and hermaphrodite distal tip cells (hDTCs); in males, they are the linker cell (LC) and the male distal tip cells (mDTCs). Their lineal origins, main roles investigated in this study, and marker gene expression and morphological features are depicted in Figure 1 .
At the outset of this study, we knew that hlh-2 is critical for the development of all of the regulatory cells [4] [5] [6] [7] [8] , that HLH-2, like all E proteins, functions in a dimer [16, 17] , and that HLH-2 acts as a homodimer for specification and function of the AC [18] . As E proteins more commonly form heterodimers with other basic-helix-loop-helix (bHLH) proteins, we expected that heterodimers would mediate various roles in other regulatory cells, but other than a requirement for HLH-12:HLH-2 heterodimers for full outgrowth of gonad arms [7] , no other bHLH partners had been implicated in regulatory cell specification or function. We therefore systematically assessed potential heterodimerization partners by functional and/or expression analyses (STAR Methods; Figure S1 ; Table S1 ), and we discovered that each regulatory cell expresses a distinct set of bHLH proteins soon after it is born and continuing throughout development. Based on this unexpected observation, we hypothesized that the distinct complement of bHLH genes expressed in each regulatory cell constituted a bHLH code for regulatory cell fate ( Figure 1E ). To test this hypothesis, we assessed whether the bHLH gene complement is both necessary and sufficient to confer regulatory cell fate.
lin-32 and hlh-12 Are Functionally Redundant for hDTC Development in Accordance with the Proposed Code In hermaphrodites, hDTCs lead outgrowth of the two gonad arms underlying the sexually dimorphic U shape and serve as the germline niche by producing ligands that activate GLP-1/ Notch in the germline stem cells [19] [20] [21] [22] [23] . We assessed bHLH genes for roles in hDTC development using both a sensitized, phenotype-based RNAi screen for all predicted bHLH genes and an expression screen of class II bHLH genes, common heterodimerization partners for E proteins (Figures S1 and S2;  Table S1 ) [16, 17] . Both approaches suggested that the code for the hDTC is LIN-32+HLH-12. LIN-32, like its orthologs mammalian ATOH1 and Drosophila Atonal, had been previously implicated in nervous system development [24] [25] [26] ; HLH-12 had been previously implicated in leader function in later larval stages (B) The regulatory cells are terminally differentiated and adopt characteristic positions; the remaining cells, located in the region in gray, are progenitors to structures that develop later. In hermaphrodites, hDTCs provide the ''niche function'' of nurturing germline stem cells (GSCs) and lead outgrowth of the gonad arms, first migrating outward in opposite directions to extend the gonad arms (''leader function''), and then reflexing to generate a U shape. The two a cells interact via LIN-12/Notch to resolve which will be the AC, which adopts a central position in the somatic primordium and remains there to induce the vulva, pattern the ventral uterus, and forge the connection between them. In males, the anterior prospective mDTC migrates posteriorly to join the other prior to primordium formation to establish the distal end and to serve as the niche for the GSCs; LIN-12/Notch also resolves which of two cells becomes the LC, which leads migration of the single arm outward and forges the connection with the cloaca. (C) By L4, hDTCs and the LC have led outgrowth of the gonad arms, and the AC has begun to induce vulval morphogenesis; hDTCs and mDTCs continue to stimulate GSCs. (D) Gene expression profiles and cell functions of each regulatory cell. Our functional analysis was based on the terminal features or marker expression shown here. bhlh mutants frequently had LC migration defects, impeding an analysis of the LC ''connect function.'' For details on transcriptional reporters, see Key Resources Table and STAR Methods. lag-2* denotes that, although lag-2 functions as a niche ligand, we use lag-2 reporters to mark a specified hDTC because lag-2 expression in hDTCs does not require hlh-2 activity after specification ( Figure S2 ; STAR Methods).
(E) The bHLH code for sexually dimorphic gonad development. For the functional screen, see Table S1 . For details on bHLH reporters, see STAR Methods, Key Resources Table, and Figure S1 . See also Figure S1 . [7] . Neither gene had been implicated in hDTC specification, early leader function, or niche function. Fosmid-based reporters encoding GFP-tagged LIN-32 or HLH-12 suggested roles in specification and terminal functions: both genes are expressed in hDTCs, but not in their parents, and continue to be expressed in hDTCs throughout development, similar to both a fosmid-based HLH-2-GFP reporter ( Figure S1 ) and endogenous HLH-2 [6] . Table S1 and Figure S2 . Each hDTC was scored independently. ''hlh-12(0*)'' denotes that null homozygotes were obtained as segregants from balanced heterozygotes. See STAR Methods for additional details. Statistical analysis: two-tailed 2 3 3 Fisher's exact probability test; *p < 0.01, **p < 0.001. gonad arm outgrowth fails completely (n = 23/64), a more extreme phenotype than the late outgrowth defect of hlh-12(0) and the normal outgrowth in lin-32(0) single mutants ( Figures  2B and 2D) . Finally, hlh-12 also promotes expression of the niche ligand apx-1 ( Figure 2C ).
In sum, LIN-32 and HLH-12, along with their obligate heterodimerization partner HLH-2, are required for hDTC specification and its terminal leader and niche functions, consistent with a LIN-32+HLH-12 code for hDTCs.
hlh-3, Unique to the LC, Confers Its Identity and Blocks Its Inappropriate Programming as an AC in Males In males, mDTCs provide germline niche function but do not have the leader role associated with hDTCs. Instead, leader function is assigned to the LC (Figure 1 ), which leads outgrowth of a single gonad arm to produce the sexually dimorphic J shape, whereas mDTCs fix the distal end in the midbody [19] . In its leader function, the LC resembles hDTCs, but in forming the connection with epithelial cells, the LC parallels the AC. Also like the AC, the LC has a more proximal lineage origin and is specified via lin-12/ Notch signaling between bipotential precursors [19, 27] .
The LC expresses three potential heterodimerization partners for HLH-2: HLH-12 and LIN-32, as in hDTCs, but also HLH-3 (of the Drosophila Achaete-Scute/mammalian ASCL family). In hlh-12(0) males, the LC is present and begins to lead gonad arm outgrowth, but it often does not execute its posterior turn (27/40 males), similar to the hDTC outgrowth defect observed in hlh-12(0) hDTCs [7] . In contrast, loss of hlh-3, the only bHLH gene uniquely expressed in the LC and not in any other regulatory cells, causes profound leader failure in 100% (40/40) of males, distinctly more severe than the leader outgrowth abnormality of hlh-12(0) males ( Figure 3A ). We examined the somatic Figure 4 shows that lin-32 and hlh-8 together cause AC-tomDTC reprogramming, suggesting that they normally act together to specify the mDTC. Bottom: representative photomicrographs show arg-1 reporter expression, with blue boxes indicating the distal region of the L4 male gonad. See also Figure S3 . Statistical analysis in graphs: two-tailed 2 3 3 Fisher's exact probability test; *p < 0.01, **p < 0.001. Photomicrographs scale bar, 10 mm; inset scale bar, 5 mm.
primordium for evidence that a LC is present by looking at lag2p::tagrfp, which in wild-type males is expressed in the LC, but not mDTCs ( Figures S3A and S3B ). We observed a single cell in hlh-3(0) mutants that expresses lag-2 (100%; n > 20), consistent with a specified LC that lacks leader function. However, the lag-2-expressing cell generally remains together with the vas deferens precursor cells instead of taking the typical LC position at one end of the somatic primordium. We therefore wondered whether loss of hlh-3 resulted in lag-2 expression in the female mode, as in the AC or hDTCs ( Figures S3A and S3B ), or, further, whether ''subtraction'' of hlh-3 reprograms the LC into an AClike cell.
To test whether the unmigrated cell in hlh-3(0) males has AC features, we examined hlh-2prox::gfp. In hermaphrodites, this marker, a fragment of the hlh-2 promoter, is expressed in the four proximal cells of the somatic gonad primordium that have the potential to be the AC (the a cells and their sisters; Figure 1 ) and remains strongly expressed in the committed AC; it is not expressed in the committed LC or cells with LC potential, hDTCs, or mDTCs [18] ( Figure 4A ). In hlh-3(0) males, hlh-2prox::gfp is expressed solely in the single lag-2-expressing unmigrated cell, suggesting that ''subtraction'' of hlh-3 reprograms the prospective LC into an AC-like cell (n = 9/20; Figure 4A ). This transformation may not be complete, however, as the unmigrated cell does not express a later marker of AC differentiation, cdh-3::gfp (data not shown).
Why does subtraction of hlh-3 convert the LC into an AC-like cell (code: HLH-2 only) instead of an hDTC-like cell (code: LIN-32+HLH-12)? A simple hypothesis is that hlh-3 also cross-regulates expression of one or both of the other bHLH genes. We could not examine lin-32 because the characterized lin-32 fosmid reporter otIs594 was inviable in combination with hlh-3(0), but, remarkably, the hlh-12 fosmid-based translational reporter is not expressed in the hlh-3(0) prospective LC (n = 16/18 mid L2 males), indicating that in actuality, the unmigrated cell does not have the hDTC code.
Ectopic Expression of the mDTC Code, LIN-32+HLH-8, Reprograms Presumptive ACs into mDTCs
The mDTCs express LIN-32 and HLH-8, the ortholog of Drosophila and mammalian Twist [17] . Although mDTCs, like hDTCs, provide niche function [29] , our analysis suggests that the niche cells display sexual dimorphism in expression of ligands for GLP-1/Notch; notably, a transcriptional reporter for arg-1 [28] , a Notch ligand gene, is expressed in mDTCs and not in hDTCs or any other regulatory somatic gonad cells, allowing us to distinguish mDTCs from hDTCs ( Figure S3D ). Using a lin-32 null allele and an hlh-2 temperature-sensitive allele, we found that bHLH genes promote expression of arg-1 ( Figure 3B ). We could not assess the contribution of hlh-8 using loss-of-function analysis because hlh-8(0) males do not live much beyond the L2 stage combined with our markers, and mDTCs are refractory to RNAi even in sensitized backgrounds ( Figure S3E ). Instead, we performed an ''addition'' experiment, as described next, that revealed that hlh-8 and lin-32 together specify mDTC identity.
The sexual identity, position, lineage history, and developmental stage of the regulatory cells have been established before hlh-2 is expressed, and its activity specifies their fates [6, 8, 30, 31] . The timing and specificity of reporters for hlh-2 and the bHLH genes encoding its dimerization partners suggest that their regulatory regions integrate these inputs. Indeed, a specific element of the hlh-2 promoter region, hlh-2prox, is necessary and sufficient for its expression in the AC and its precursors in a wild-type hermaphrodite [18] (Figure 4A ). Thus, a corollary of the code hypothesis is that bypassing these inputs by ectopically expressing the bHLH gene complement of one regulatory cell type should be sufficient to reprogram that cell into the regulatory cell type normally specified by that gene complement.
The AC provides a tabula rasa for such an addition experiment because HLH-2 functions as a homodimer to specify its fate and functions, and there is no evidence for any potential dimerization partner by function or expression [18] . We therefore tested whether we could switch the identity of the AC, which has a proximal lineage origin and a female sexual identity, to the mDTC, which has a distal lineage origin and a male sexual identity. To do so, we used hlh-2prox to drive expression of HLH-8 and LIN-32 individually or together in the AC ( Figure 4B ). Ectopic expression of HLH-8, but not LIN-32, is sufficient to induce strong expression of the mDTC marker arg-1p::gfp in the AC; however, in both cases, AC morphology, and later uterine and vulval morphology, appear normal, indicating that AC specification and function is not affected ( Figure S4 ).
Remarkably, combining the transgenes that express HLH-8 and LIN-32 causes proximal gonadal cells not only to express the arg-1p::gfp mDTC marker, but also to extend processes toward the germline, characteristic of DTCs but not of ACs ( Figure 4B ). We see as many as four adjacent proximal cells with this morphology, consistent with the reprogramming of all four cells with AC potential into mDTC-like cells. In addition, the hermaphrodites display developmental defects consistent with defects in AC specification or terminal fate: complete failure of vulval induction, delayed vulval induction, abnormal vulval morphogenesis, and defective uterine seam (utse) formation ( Figures S4C-S4G) . Together, these results indicate that cells with AC potential are directly reprogrammed into mDTCs in the presence of HLH-8 and LIN-32.
DISCUSSION
In sum, the analysis presented here indicates that sexual dimorphism of the regulatory cells of the C. elegans somatic gonad reflects a bHLH code in which a distinct set of bHLH transcription factors specify each regulatory cell type and/or distinctive terminal features associated with it.
The expression pattern and pervasive functions of the bHLH genes that constitute the code suggest that they reside in ''bow-tie'' regulatory circuits, wherein multiple inputs and outputs connect through a relatively simple intermediate [9, 10] . The different inputs include sexual, positional, temporal, and lineage information that leads to the regulatory-cell-specific expression of particular bHLH genes. The ability to bypass these inputs to directly reprogram the proximal-female AC into the distal-male mDTC (the ''addition'' experiment of Figure 4 ) supports this inference. In addition, since all four cells with AC potential appear to be transformed into mDTCs, this observation further suggests an essential equivalence of the prospective regulatory cells before their fates are specified by the expression of their specific bHLH complement ( Figure 4C) .
In turn, different combinations of bHLH genes in each type of regulatory cell direct the different outputs-bHLH transcriptional target genes. It is known that HLH-2 homodimers directly regulate many different genes in the AC [5, 18, [32] [33] [34] . It is intriguing that HLH-12 is expressed in hDTCs and the LC, which both have leader function, and at least two genes required for outgrowth appear to be bHLH transcriptional targets [7, 35] . The regulation of some outputs may be more complex, perhaps reflecting differences in bHLH heterodimer binding preferences [17] , feed-forward influences from the input pathways on target Figure S4 for evidence that the somatic primordia are initially normal and further phenotypic characterization. gene availability or selection, cross-regulation of bHLH genes, combinatorial function of different bHLH dimers, or other factors.
The bHLH code also has implications for evolution of gonad form and function. The gonad primordium of all nematodes is remarkably similar, yet, in addition to sexual dimorphism within a species, there is striking plasticity in the lineages that give rise to the regulatory cells and in the distribution of their roles when different species are compared [11, 36] . For example, in one Mesorhabditis species, the AC does not induce the vulva and instead leads outgrowth of the single gonad arm posteriorly toward the vulva [11] , reminiscent of the C. elegans LC. The bHLH code that we have deduced in C. elegans provides a plausible mechanism for how the key roles of specialized cells may be grouped as a genetic module and reassigned to other cells in evolution. Indeed, the bHLH code is reminiscent of the Hox code-the canonical example of a group of related genes that control morphological diversity in organisms and are modulated during evolution, with ''executive functions'' at higher levels, including cross-regulation among themselves, and direct regulation of ''blue collar'' or ''realisator'' genes that execute terminal functions [37, 38] .
Finally, we note that bHLH proteins are highly conserved in structure and function-indeed, the human ortholog of HLH-2 can substitute for HLH-2 in C. elegans proximal gonadogenesis [18] -and although there is great variation in sex determination mechanisms, there is deep conservation of the Doublesex/ Mab-3 regulators [1, 39] . Thus, the fundamental principles that underlie gonadogenesis in nematodes may be relevant to the evolution of sexually dimorphic form and function in all animals.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
C. elegans strains See Key Resources Table for the full list of strains. Strains were maintained under standard conditions at 15 C, 20 C, or 22 C and scored at different temperatures as indicated. pha-1(e2123ts) facilitated the generation of some transgenes, and him-8(e1489) IV or him-5(e1490) V were included in some strains to generate self-progeny males. Hermaphrodite and male larvae and adults were scored, and sex and developmental stage are stated for each experiment. The RNAi sensitizer nre-1(hd20) lin-15b(hd126) [40] was included in most strains in which RNAi was performed. arIs51 [cdh-3p: :gfp] IV [5] and oxTi414 [eft-3p: :mcherry] IV [41] facilitated manipulations with hlh-12.
The following bHLH mutations were used: hlh-2(bx108ts) is a temperature-sensitive missense mutation that causes a low-penetrance 2AC defect at 25 C, and can genetically sensitize worms to the loss of other bHLH genes [18, 25] . hlh-3(tm1688) [42] , hlh-8(nr2061) [43] , hlh-12(tk68) [7] , and lin-32(tm1446) [26] are deletion alleles that remove a large portion of the bHLH domain, making them likely null alleles.
The following transgenes were used as cell fate markers. See also Figure S3 for further observations on the expression of lag-2 and arg-1 reporters.
We used three different lag-2 reporters, depending on the color and specific features desired. All are strongly expressed in the AC, hDTCs, and LC ( Figure S3 ccIs4443 [arg-1p::gfp] is expressed in the mDTC [28] but not in the other regulatory gonadal cells ( Figure S3D ). arIs51 [cdh-3p::gfp] is expressed in the AC [5] , but not in the hDTC, mDTC, or LC. naEx156 [apx-1p: :gfp] [23] was used as a readout of hDTC niche function (Figure 2 ). Due to a high degree of mosaicism, it was not used as a readout for mDTC niche function ( Figure S3C ).
Like other hlh-2prox-based reporters [18] , arTi22[hlh-2prox::gfp-his-58] (this study) is expressed in the four cells with AC potential (the a and b cells) and their parents; when the somatic primordium is forming, expression persists more strongly in the two ''a'' cells, which also retain AC potential until it is resolved by LIN-12/Notch signaling; and then after the somatic primordium has formed, it becomes strongly expressed in the AC and weakly expressed in the VUs, but not in other gonadal cells ( Figure 4A) . Figure 2 ).
The following transgenes were made to examine the consequences of ectopic expression of bHLH genes in the AC via hlh-2prox, shown in Figure 4 and Figure S4 : arTi148, derived from pHL3, expresses LIN-32; and arEx2500, a complex array derived from pHL5, expresses HLH-8. The constructs used to make these transgenes are described in the next section.
METHOD DETAILS
Ectopic bHLH expression constructs ''hlh-2prox'' is a fragment from the hlh-2 5 0 flanking region that, when the somatic primordium is forming or formed, drives expression in the four proximal cells of hermaphrodites with AC potential, their parents, and the specified AC and VUs, with expression subsequently maintained relatively high in the AC and low in the VUs [18] .
Using standard restriction site cloning, PCR fusion [45] , and Gibson cloning [46] , we created constructs in which hlh-2prox drives expression of a bHLH gene associated with specification or terminal features of a different regulatory cell, in an operon with SL2::2xNLS-mCherry so that successful expression of the untagged bHLH protein could be assessed by mCherry. We used the gpd-2 SL2 sequence from pXW09 [47] . All such constructs have the form hlh-2prox::bhlh::sl2::mcherry::unc-54 UTR, and are abbreviated hereafter as hlh-2prox::bhlh. Furthermore, all were created in a miniMos vector (pCFJ910) [41] that would allow for single-copy insertion or analysis in conventional complex arrays.
pHL3: the bHLH insert is lin-32 cDNA obtained from Douglas Portman [25] . pHL5: the bHLH insert is hlh-8 cDNA provided by Marian Walhout [17] .
lag-2-gfp fosmid-based reporter
To construct the lag-2-gfp fosmid reporter, gfp was recombineered into the fosmid WRM0620cE03 to stay in frame at the carboxy terminus of lag-2; we followed the standard recombineering protocol [48] but with a 5-fold increase in PCR product to increase the chances of a recombination event, creating fosMS3.
Generation of transgenes
Generation of arEx2194
This transgene marks hDTCs. It is a complex array derived from pMS2, a construct containing a 5.2 kb fragment of the 5 0 flanking region of hlh-2 [18] . pMS2 (1 ng/mL) was coinjected with pBX [pha-1(+)] at 1 ng/mL [49] , pJL17 (ttx-3p::mCherry) at 2 ng/mL, and PvuII-digested N2 genomic DNA at 50 ng/mL into pha-1(e2123ts) hermaphrodites. Individual injected pha-1(e2123ts) adult hermaphrodites were raised at 15 C for 3 days, and then shifted to 22 C for four days. Independent transgenic strains were isolated (maximum of one per P0). The strain was subsequently kept at 22 C or 25 C to maintain selective pressure to retain the array, which rescues the pha-1(e2123ts) lethality. Generation of transgenes for bHLH ectopic expression arTi148[hlh-2prox::lin-32] was created by injecting pHL2 into PD4443 (ccIs4443[arg-1p::gfp]) hermaphrodites, followed by the standard miniMos strain generation protocol [41] . arEx2500[hlh-2prox::hlh-8] was created by injecting ScaI-digested pHL5 into PD4443 hermaphrodites at 1ng/mL with PvuII-digested N2 genomic DNA at 50 ng/mL and ScaI-digested pCW2 (ceh-22p::gfp) at 1 ng/mL. Generation of arEx2499[lag-2-gfp fosmid] NotI-digested fosMS3 was injected at 15 ng/mL with Sca I-digested pBX (pha-1(+)) and pCW2 (ceh-22p:gfp) at 1ng/mL and PvuIIdigested N2 genomic DNA at 50 ng/mL into pha-1(e2123ts) hermaphrodites. The strain carrying arEx2499 was established using pha-1 rescue as described above.
RNAi RNA interference (RNAi) was performed by feeding bacteria expressing double-stranded RNA specific to a single gene [50] to L1 or L2 worms. We used published RNAi clones: hlh-2 [5] , 30 sequenced bHLH genes from the Ahringer library [50] , and RNAi clones for the remaining eleven bHLH genes [18] . RNAi plates were made as previously described: NGM plates with 6mM IPTG and 100uM carbenicillin with 75uL of overnight RNAi bacterial culture (2xYT with 50uM ampicillin) [S4]. Embryos were collected from gravid hermaphrodites via treatment with a bleach/sodium hydroxide solution, followed by washing in M9, and then embryos hatched on the RNAi plates at 25 C (for L1 RNAi) or were grown first on seeded plates and then placed on RNAi plates (for L2 RNAi). For the hDTC functional screen, L1 worms of strain GS7535 (hlh-2(bx108); arIs222[lag-2p::2Xnls-tagrfp]; nre-1(hd20) lin15b(hd126)) were placed on RNAi bacteria and scored approximately 40 hr later, when lacZ negative control larvae are at the early L4 larval stage with vulval invagination underway and the hDTCs having completed both turns. RNAi targeting lacZ was used as a negative control and RNAi targeting hlh-12 was used as a positive control for every experiment. When present, hDTCs were identified by morphology and by expression of the marker arIs222 [lag-2p::tagrfp] . Although Class II bHLH genes are the most likely to encode dimerization partners for the sole Class I bHLH gene hlh-2 [16, 17] , we included all 41 C. elegans genes that encode proteins with predicted bHLH domains (other than hlh-2) in the screen.
For scoring the requirement of bHLH genes for niche marker gene expression, L2 worms of strain GC956, GS8185 or GS8605 were placed on RNAi bacteria. For GC956 and GS8185, animals were staged based on L2 gonad morphology (gonad elongation underway) and for the Rol phenotype conferred by the transgene, which is not apparent in the L1 stage but is evident in the L2 stage. For GS8605, animals were staged by L2 gonad morphology and lag-2 expression in the two a cells, in order to maximize exposure of hDTCs to RNAi treatment. L2 larvae were washed with M9 and transferred onto RNAi plates, and hermaphrodites were scored approximately 40 hr post-embryo collection, between late L3 and mid L4.
When we tested the ability to use RNAi for a functional screen of male regulatory cells using GS7859 (hlh-2(bx108); arIs222 [lag2p::tagrfp] ; ccIs4443 [arg-1p::gfp] him-5(e1490); nre-1(hd20) lin-15b(hd126) ), we found that mDTCs are refractory to RNAi (Figure S3E ) and therefore instead relied on the bHLH fosmid expression screen to identify bHLH genes in male regulatory cells.
bHLH fosmid expression screen Strains carrying translational reporters were available for 17/18 Class II bHLH genes (all but hlh-32, as no translational reporter was available). The translational reporters contain a large portion of the genomic context of each gene, with all but HLH-16 being fosmidbased [18] . We examined one transgenic strain for HLH-8, HLH-16, and LIN-32 (integrated), and two independent transgenic strains for the remaining 14 bHLH genes. We visually screened these strains for expression in the hDTC, LC and mDTC in all larval stages ( Figure S1 ). Males were generated by crossing wild-type N2 or pha-1(e2123) males to hermaphrodite strains carrying fosmid reporter transgenes, except in the case of otIs594 [lin-32-gfp fosmid] , where the allele him-5(e1490) was used to increase the frequency of male self-progeny.
Expression was examined in more detail for the hlh-2-gfp fosmid (arEx2028), the lin-32-gfp fosmid (otIs594), the hlh-12-gfp fosmid (arIs235) the hlh-8-gfp fosmid (wgIs74), and the hlh-3-gfp fosmid (otIs648), with a minimum of 10 larvae scored for expression at each stage for each reporter ( Figure S1 ). All scoring was performed at the 63x PlanApo objective on a Zeiss Axio Imager D1 microscope with a Zeiss AxioCam MRM camera, with expression considered ''ON'' if fluorescence was visible at a 500 ms exposure time for GFP. [hlh-2p::gfp] were used for other analyses. We used lag-2p::tagrfp as a marker for hDTC specification rather than for niche function, because lag-2 expression does not depend on hlh-2 in a specified hDTC ( Figure S2B ). mDTC Niche defect = no expression of ccIs4443 [arg-1p::gfp] . Specification was assessed using otIs502[yfp-hlh-2 fosmid]. LC Leader defect = elongated gonad without dorsal and/or posterior turn. Leader failure = swollen gonad due to continued germline proliferation with no evidence of gonad elongation (no outgrowth). Specification was assessed using arIs222, but see text for further discussion.
bHLH mutant analysis In many cases, worms were synchronized to facilitate obtaining large numbers of animals at the appropriate stage. Two methods were used: collecting embryos from gravid hermaphrodites via treatment with a bleach/sodium hydroxide solution followed by washing in M9, or having gravid hermaphrodites lay eggs for two hours, and then determining the appropriate amount of time needed to achieve the desired stage. hDTCs Mutant hermaphrodites were grown as homozygotes, except for double mutants with hlh-12(tk68) due to sterility. In those cases, hlh-12(tk68) homozygotes segregated from heterozygous mothers, with hlh-12(tk68) balanced by either arIs51 or oxTi414. Mutants were grown at 25 C and examined at the L4 stage for evidence of defective hermaphrodite distal tip cell (hDTC) leader function and specification (Figures 2A and 2B ). Images were taken using the 40X PlanNeo objective of a Zeiss Axio Imager D1 microscope and a Zeiss AxioCam MRm camera. Expression of markers was determined at a 100 ms GFP and 50 ms RFP exposure time was scored as ''ON.''
To score for niche defects, naEx156[apx-1p::gfp; rol-6(su1006)] expression was scored as a proxy for hDTC niche function ( Figures  2C and S3C ). To bypass a requirement for hDTC specification in the L1 stage [6] , hermaphrodites were treated with bhlh RNAi beginning in the L2 stage. See ''RNAi'' (above) for details. GC956 (naEx156) or GS8185 (lin-32(tm1446); naEx956) embryos were collected by treating approximately 200 gravid array-carrying hermaphrodites with a bleach/sodium hydroxide solution, and pipetted onto NGM plates seeded with OP50 at 25 C. Affected hDTCs show abnormal gonad elongation on hlh-2(RNAi) and hlh-12(RNAi) and were scored for GFP expression using the 63x PlanApo objective of a Zeiss Axio Imager D1 microscope. hDTCs were identified by morphology and position using DIC, and GFP expression scored as ''ON'' if it was visible with a 500 ms exposure time. mDTCs Strains were grown at 25 C, and males were imaged at either L2 or L4 (as indicated). As the mutants analyzed for mDTC phenotypes do not have defective gonad arm outgrowth, males were staged based on gonad elongation. GFP expression was scored as ''ON'' if it was visible by eye, and images were taken at a 10 ms exposure time. All bHLH single and double mutants scored for mDTC phenotypes were maintained and analyzed as homozygotes ( Figure 3B ). We observed that hlh-8(nr2061) and hlh-2(bx108); hlh-8(nr2061) males frequently did not survive past the L2 stage, as determined by the extent of LC-directed gonad elongation; we thus scored all males carrying the hlh-8(nr2061) allele at the L2 stage only ( Figure 3B ). LC Strains were grown at 25 C and scored as described above.
Reprogramming experiments ''Subtraction'' experiment GS8628 and GS8629 were synchronized at 25 C using the egg-laying method described above, and scored approximately 34-36 hr later, during the L3 stage. Due to the completely penetrant migration defect seen in hlh-3(0) animals, gonad extension in the wild-type control was used to stage animals, and only lag-2p::tagrfp-expressing cells were scored for arTi22 expression at a 500ms exposure for GFP.
To verify that the somatic primordium forms normally in hlh-3(0) males, GS7876 and GS8008 animals were synchronized using the egg-laying method at 25 C and scored during late L1, around the time of LC specification. In hlh-3(0) and hlh-3(+) male larvae, we observed arIs222 [lag-2p: :tagrfp] expression in four anterior somatic gonad cells, consistent with the LC and VDs as in wild-type ( Figure S4A ). ''Addition'' experiment Embryos were collected using the bleach/sodium hydroxide protocol described above, grown at 25 C, and scored during late L2 for arg-1p::gfp expression, using the 63x PlanApo objective of a Zeiss Axio Imager D1 microscope. a and b cells with ectopic bHLH expression were identified by position and by the presence of mCherry, which is co-expressed with the bHLH genes from hlh2prox; arg-1p::gfp expression was scored as ''ON'' if visible at a 25ms exposure time. mCherry was always observed in only four cells.
As shown in Figure 4B , +LIN-32 +HLH-8 hermaphrodites also display mDTC-like processes toward the germline in a and b cells expressing arg-1p::gfp. To visualize these processes, we used a spinning disk confocal microscope (Carl Zeiss) and captured images using the 100x objective. These hermaphrodites were also scored for functional AC defects ( Figures S4C-S4G) .
In a wild-type hermaphrodite, the AC induces vulval development and invagination in the L3 stage, and joins the uterine-seam cell (utse) in the L4 stage. Hermaphrodites were raised at 25 C and L4 larvae were examined for defects in these AC-dependent processes by DIC at 63x on the Zeiss Axio Imager D1 microscope. As hlh-2prox does not drive expression in the hDTCs, gonad elongation was predicted (and observed) to be normal and used to stage animals. Hermaphrodites were scored as having abnormal vulval induction if the vulval precursor cell P6.p had divided only once by the time both gonad arms had reflexed (observed by DIC), and as having abnormal vulval invagination if there was no evidence of invagination by the time both gonad arms had reflexed or if defects such as multiple connected invagination sites were seen ( Figures S4C and S4D ). Animals were also scored for abnormal vulval morphology, defined as large ''blips'' at the vulva site ( Figure S4G) . Fusion of the AC to the utse was considered abnormal if the AC nucleus was visible above the invaginated vulva at the time of normal utse formation ( Figures S4E and S4F) .
To verify that the somatic primordium forms normally in the +LIN-32 +HLH-8 hermaphrodites, GS8726 and GS8630 animals were synchronized using the bleach/sodium hydroxide protocol described above, grown at 25 C, and scored during late L1/early L2 for cells expressing either GFP-HIS-58 or mCherry showing the stereotypical position of the a and b cells [19, 51] (Figure S4B) .
In contrast to most Class II bHLH proteins, which form obligate dimers with HLH-2/Da/E proteins [16, 17] , HLH-8/Twist has been proposed to function as either homodimers or heterodimers [43] . Since HLH-2 is stable only in the AC [18] , but hlh-2prox drives ectopic expression of HLH-8 in all four cells with AC potential, the observation that arg-1 is expressed only in the AC when HLH-8 alone is ectopically expressed implies that HLH-8:HLH-2 heterodimers (rather than HLH-8 homodimers) drive arg-1 expression. Furthermore, the observation that all four cells express arg-1 in +LIN-32+HLH-8 hermaphrodites is further support for the interpretation that they are transformed into mDTCs, where HLH-2 should be stable.
QUANTIFICATION AND STATISTICAL ANALYSIS
When comparing two genotypes for the frequency of two outcomes, a two-tailed 2x2 Fisher's exact test was used. This test was used in Figure 2C . When comparing two genotypes for the frequency of three different outcomes, a two-tailed 2x3 Fisher's exact probability test was used. This test was used in Figures 2A, 2B , and 3. For all cases, differences are considered significant if the p value is less than 0.01.
